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determined by A 340 . The matrix solution (DHB) was freshly prepared each day at 160 mg/mL 2,5-dihydroxybenzoic acid in 3:1 water:acetonitrile, 2% formic acid solution. 20 µL reaction mixtures contained 200 µg/mL BpKatG, 128 µM NADH, and 10 mM INH in 0.1 M NH 4 HCO 3 at room temperature. 0.5 µL aliquots were removed at 1 min, 2 h, 4 h, and 18 h and immediately mixed with 0.5 µL DHB solution on a metal target. Samples were analyzed on a QqTOF mass spectrometer (35)
Determination of conserved residue locations The locations of residues conserved in >95% of 52 available KatG sequences were determined using the program CONRES. The program identifies conserved residues in an alignment file from CLUSTALW (36) and extracts the equivalent residues from the structure of one of the aligned proteins. The sequence alignment file included 52 catalase peroxidase sequences and the structure file for B. pseudomallei KatG (1MWV.pdb) was used as the model. The accession numbers for the sequences included in the comparison are listed by Klotz and Loewen (37). The source code or IRIX 6.5 executable for CONRES can be obtained from the authors on request.
RESULTS
NADH oxidation by KatG NAD
+ replaces the hydrazine moiety of the anti-tubercular pro-drug INH to generate the active form of the drug, isonicotinoyl-NAD. In an attempt to define more precisely the role of KatG in the formation of isonicotinoyl-NAD, the potential utilization of NADH and NAD + as substrates was investigated revealing that NADH supports BpKatG-mediated radical generation (Fig. 1a) in the absence of H 2 O 2 using NBT as radical sensor at a rate approximately equal to the rate of NADH disappearance (Fig. 1b) . NADPH supports a slower rate of radical generation and NAD + does not support any radical production ( it from the catalase and peroxidase reactions (Fig 1c) . There is a pH-dependent, non-enzymatic generation of radicals from INH, but in the pH 7 to 9 range, the contribution of the enzymatic reaction is clear and suggests a pH optimum between 8 and 9, albeit not well defined (Fig. 4b) . To minimize the non-enzymatic contribution, all subsequent assays and reactions involving INH were carried out at pH 8. Oxygen levels do not affect the KatG-mediated radical generation from INH, and superoxide dismutase does not reduce radical production ( (Fig. 5c ). The MtKatG and EcKatG mediated reactions of INH and NADH are both slower in the absence of Mn +2 (Fig. 4a) , but approach or exceed the BpKatG mediated reaction in the presence of Mn +2 (Fig. 5b) Based on HPLC retention times ( (Fig. 2) . Therefore, NAD + is the probable precursor for isonicotinoyl-NAD as concluded earlier (7), but NADH oxidation by KatG to NAD + will lead to the same product in an Table 5 ). The hydrazinolysis reaction was largely unaffected by any of the changes except the change of His112 to Ala. By contrast, the oxidase reaction was affected in several of the variants and two groups with different properties can be discerned. One group, including those with changes in any of the three residues in the cross-linked structure of Trp111, Tyr238 and Met264, exhibits normal rates of NADH disappearance but significantly reduced rates of radical production. The apparent uncoupling of NADH oxidation from superoxide generation could be a result of a broken electron tunnel or of a change in the reaction chemistry to favor H 2 O 2 over superoxide formation. Unfortunately, the unambiguous identification or quantification of H 2 O 2 formed in the reaction is not possible because it is immediately utilized in a peroxidatic reaction. Indeed, an inconclusive 13% hypochromic and 3-5 nm red shift in the Soret band and little change in the 500 -700 nm region is observed for W111F and Y238F variants during the oxidase reaction, whereas no change is observed with native BpKatG. The second group exhibits reduced rates of both NADH disappearance and superoxide formation, consistent with reduced NADH oxidation. This group includes those with changes in the active site residues Arg108, His112 and Asp141. The changes in catalase and peroxidase activities caused by the sequence changes are consistent with those reported previously for KatGs from Synechocystis (38. 40.
41), M. tuberculosis (39) and E. coli (42).
Location of conserved residues Because the in vivo peroxidase substrate remains unidentified, possible substrate binding sites for as yet unidentified substrates was a topic for speculation in the original report of the BpKatG structure (44). Unambiguous identification of such sites will have to await a crystal structure determination of protein-ligand complexes, but further evidence for a diversity of binding sites in KatGs is evident in the high frequency of highly conserved residues (Table 6 ) and their broad distribution throughout the subunit including on the surface (Fig. 7) . Over 27% and 18% of the residues, respectively, in the catalytic N-terminal domain and non-catalytic C-terminal domain of the KatG subunit are identical in more than 95% of the sequences. This is compared to the 8 to 14%
frequency of nearly identical residues, all located near the active sites in pyruvate kinases, catalases, peroxidases, CuZn SODs and FeMn SODs (data not shown).
DISCUSSION
The existence of catalase, peroxidase and oxidase activities in a single protein makes KatG a complex and fascinating enzyme, an assessment further enhanced by INH hydrazinolysis and isonicotinoyl-NAD synthesis activities. A summary of these various activities (Fig. 8) (Fig. 8) .
The catalase and peroxidase functions of KatG are rationalized as protection against H 2 O 2 , and the NADH oxidase activity may present a complementary protection against molecular oxygen or a means of maintaining low cytoplasmic levels of oxygen. However, the turnover rate of the oxidase is very slow compared to the catalase and peroxidase reactions, and the oxidase activity may simply be a residual vestige of what was once a more substantial activity with metabolic significance in a particular environmental niche. Certainly, the high affinity of the enzyme for NADH is consistent with there being, or having been, a physiological significance to the activity, and even among the three KatGs in this study, the variation in oxidase activity, highest in BpKatG and lower in MtKatG and EcKatG, might be interpreted as the result of an environmentally determined differential loss of activity.
While the KatGs can utilize NADH as a peroxidatic substrate, the NADH oxidase characterized here is clearly not a peroxidatic reaction, and it is also different in several key respects from the peroxidase-oxidase activity associated with HRP. H 2 O 2 does not have a catalytic role; SOD and catalase do not inhibit the reaction; and lag periods in reaction initiation are not evident in the presence of high enzyme or low NADH concentrations. In addition, the pH dependence of superoxide radical formation in the oxidase reaction suggests the unusual possibility of two reaction outcomes for molecular oxygen depending on proton availability. Manganese ion (both Mn +2 and Mn +3 ) enhances both non-enzymatic and enzymatic hydrazinolysis to the extent that Mn-mediated isonicotinoyl radical formation is faster than the KatG-mediated reaction.
However, despite this high rate of Mn-mediated hydrazinolysis, Mn-mediated isonicotinoyl-NAD formation is negligible compared to its rapid formation in the presence of KatG. The data in this report do not dispute the observation that there can be a non-enzymatic origin of isonicotinoyl-NAD (7), but under the conditions employed in this work, KatG is a much more effective catalyst of isonicotinoyl-NAD synthesis than manganese ion. 
